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 The sedimentary Palm Spring Formation crops out in the Mecca Hills, CA and 
preserves valuable information about the evolution of the San Andreas fault system in the 
transtentional Salton Trough. Constraining the timing of deposition for the Palm Spring 
Formation upper unit is useful for estimating timing of basin development due to fault 
motions. Magnetostratigraphic correlation is used as the most viable means of dating this 
sequence because the unit lacks well constrained age indicative fossils and strata. 
Paleomagnetic analysis is also used to constrain the amount of vertical axis rotation that the 
region has undergone within the southern San Andreas fault system. The base of the studied 
section is interpreted to be younger than the 2.581 Ma start of the Matuyama reverse polarity 
chron and the section is interpreted to span most of this chron, including the Réunion, 
Olduvai and Jaramillo normal chrons. The top of the Palm Spring Fm. upper unit is 
interpreted to be younger than the termination of the Jaramillo normal chron (0.99 Ma) and 
older than the 0.78 Ma Brunhes-Matuyama boundary. Correlation of the measured section 
with the geomagnetic polarity time scale ages yields an average sedimentation rate of 0.4 
mm/year. Comparison of the mean direction of the reverse polarity site means to the 
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1 INTRODUCTION AND BACKGROUND 
1.1 The San Andreas Fault and the Salton Trough 
The Mecca Hills region in the Salton Trough of southern California is an ideal natural 
laboratory to study spatial development of the San Andreas fault (SAF) through time. The 
San Andreas fault system has been active as a set of transform faults since its initiation about 
30 Ma (Atwater, 1970). Late Cenozoic motion of the SAF zone has been complex and 
resulted in a continuous right-lateral transform fault zone that extends 1,100 km from Cape 
Mendocino, CA in the north to the Salton Trough in the south (Powell, 1993) (Figure 1).  
The Salton Trough (containing the Salton Sea) is a basin located about 100 miles ESE 
of densely populated Los Angeles, CA, within a releasing bend of the San Andreas fault zone 
(Figure 2). This releasing bend is complemented by a restraining bend through San Gorgonio 
Pass to the NW, which is actively experiencing compression and uplift (Matti et al., 1992; 
Yule and Sieh, 2003). Between the northern Salton Trough and San Gorgonio Pass, the San 
Andreas fault is split into the Mission Creek and Banning fault strands (Matti et al., 1992; 
Powell 1993). The southern San Andreas fault proper extends parallel to the Salton Sea, 
losing surface expression south of the Durmid Hill area. The Mecca Hills region is directly 
north of the Salton Sea, immediately east of the SAF proper. The Mecca Hills were first 
mapped in detail by Dibblee (1954) and observed to have outcrops of the Palm Spring 
Formation, named by Woodring (1931) for a type locality SW of the Salton Sea. 
Behr et al. (2010) inferred a late Quaternary right-lateral slip rate of 14-17 mm/year 
along the southern SAF. Despite the dominance of dextral strike-slip motion, there is also 
evidence for vertical crustal motions associated with changes in fault strike and zones where 
the fault plane is non-vertical, as discussed by Dair and Cooke (2009) and Fuis et al. (2012). 
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Dair and Cooke (2009) support the presence of a northwest dipping fault plane in the San 
Gorgonio pass region using three-dimension numerical modeling in conjunction with 
observed local rates of slip and uplift. They also concluded that the non-vertical geometry of 
fault segments can significantly affect the accommodation of stress in fault bends, as well as 
the relative development of right lateral slip motions versus vertical crustal motion.  
Fuis et al. (2012) described the non-vertical geometry from the San Gorgonio pass 
region to the Salton Trough (Figure 3) based on aeromagnetic and microseismic data. This 
study concluded that the fault plane north of San Gorgonio pass restraining bend dips to the 
NW and the fault plane near Indio, CA in the Salton trough releasing bend dips 65° to the 
NE. This is consistent with theories of wrench tectonics (Wilcox et al., 1973), which describe 
how oblique fault motions may generate regions of divergent relaxation and convergent 
compression. Such regions are known to develop areas of compressional uplift in restraining 
bends of strike-slip faults, while areas of extensional subsidence occur at releasing bends 
(Christie-Blick and Biddle, 1985). Subsided releasing bend basins are naturally prone to 
sedimentation from proximal erosion, readily preserving valuable information regarding the 
four dimensional development of complex fault zones and nearby erosional sources. The 
Palm Spring Fm. in the Mecca Hills is a sedimentary suite that exemplifies such deposition. 
 
1.2 The Palm Spring Formation 
 Sylvester and Smith (1976) and Boley et al. (1994) elaborated on previous facies 
descriptions and divided the Palm Spring Fm. into upper and lower units. The lower unit of 
the Palm Spring Fm. (Qpl) contains sedimentary rocks ranging from boulder conglomerate to 
fine siltstone and freshwater limestone. Common sedimentary structures within Qpl include 
3 
 
fining-upward sequences, ripple marks, filled channels, desiccation cracks, clast imbrication, 
cross-bedding and bioturbation. Strata are predominantly medium beds of medium to coarse 
sandstone. Horizons of pebble and cobble conglomerate are common, with occasional 
boulders. Fine green to grey siltstones and freshwater limestones are interbedded with the 
sandstones.  
The upper unit of the Palm Spring Fm. (Qpu) is characteristically less consolidated 
than Qpl, with consolidation decreasing up-section. The basal Qpu is similar to Qpl in that 
medium-grained, weakly cemented sandstones form most of the strata, and siltstones are 
interbedded. Calcified lenticular concretions exist within these tan, poorly consolidated beds. 
Some channel lenses and horizons of pebble-cobble conglomerate with sandstone matrix are 
observable within the lower Qpu, but are uncommon up-section. Green, grey and red 
siltstone and unconsolidated silt become increasingly dominant with distance up-section. The 
upper Qpu is nearly exclusively non-lithified silt, mud and paleosols. Sedimentary structures 
common in the Qpu include fining-upward sequences, cross-bedding, clast imbrication, 
channel deposits, bioturbation and ripple marks. Boley et al. (1994) concluded the upper unit 
marks a transition from deltaic to distal fan depositional environments. 
McNabb (2013) has defined the stratigraphy of these units in great detail; his thesis 
describes over 800 m of Qpu at sub-meter resolution. An angular unconformity defines the 
contact between Qpl and Qpu throughout most of the Mecca Hills. New mapping by 
McNabb (2013) (Figures 3) has located a previously unknown conformable sequence 
between the upper and lower units.  
 The age of the Palm Spring Fm. in the Mecca Hills is loosely constrained to 
late Pliocene to early-mid Pleistocene by the presence of the Bishop Ash (~0.76 Ma) (Rymer, 
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1991; Sarna-Wojcicki et al., 1984; McNabb, 2013), paleontological (Rymer, 1989; Hays, 
1957) and paleomagnetic studies (Chang et al., 1987; Boley et al., 1994). McNabb (2013) has 
shown that the Bishop Ash crops out just above the section of the Palm Spring Fm. analyzed 
in this thesis. This provides a lower age boundary for deposition. Rymer (1989) located an 
early Pleistocene cotton rat fossil within the Palm Spring lower unit in the nearby Indio Hills. 
Hays (1957) located tooth fragments from the genus Equus (maximum age early Pleistocene) 
in the Mecca Hills within the Mecca conglomerate Fm., which non-conformably underlies 
the Palm Spring Fm. lower unit. Given that the age of the Palm Spring Fm. is only 
constrained by one well dated ash layer (Rymer, 1991; McNabb, 2013) and that there is a 
sparsity of time-indicative fossils within the Mecca Hills Palm Spring Fm., 
magnetostratigraphy is the most viable method of defining the depositional ages and 
sedimentation rates of the strata. 
 
1.3 Previous Paleomagnetic Studies 
 Chang et al. (1987) sampled ~500m of Palm Spring Fm. in the Mecca Hills for a 
paleomagnetic study; their collection sites are located southeast of the field area in this study. 
Their objective was to assess timing of Palm Spring Fm. deposition, as well as the amount of 
vertical axis rotation that the region has undergone. One sample was taken from each of the 
55 sites within the two-part section. The first section sampled a thicker stratigraphic interval 
than the second totaling ~ 460m and 37m, respectively. The approximate location of the 
longer section is shown as a red line near B-SH in Figure 3. A third locality with 18 
specimens (not located stratigraphically) was used in the study to compare rotation values 
from a site more distal to the SAF and to perform a fold test. The conclusion of the study is 
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that the base of the sampled section is older than the base of the Olduvai normal chron (1.945 
Ma) and the top of the section is younger than the end of the Jaramillo normal chron (.988 
Ma) (Gradstein et al, 2004). Chang et al. (1987) found a modest amount of clockwise rotation 
for the region (4.5° clockwise ±5.1°). They contrasted this 4.5° of clockwise rotation with the 
work of Johnson et al. (1983), who concluded 35° of clockwise rotation within the Palm 
Spring Fm. of the Vallecito-Fish Creek basin, a similarly fault bounded block across the SAF 
80 km to the southwest of the Mecca Hills. Chang et al. (1987) also contrasted this 4.5° of 
clockwise rotation to results of Seeber and Bogen (1985) who found  20°-30° of clockwise 
rotation in 1-Ma sediments on fault bound blocks along the San Jacinto fault across the SAF 
45km west of the Mecca Hills. 
 Boley et al. (1994) performed a paleomagnetic study in the Mecca Hills similar to 
that of Chang et al. (1987), collecting paleomagnetic specimens from three sections in the 
Palm Spring Fm. in the Mecca Hills, referred to as Sheep Hole section, Painted Canyon 
section and Palm Spring Thermal Canyon section. Approximate locations of these three 
sections are shown in Figure 3 as B-SH, B-PC and B-PST. The Painted Canyon section is the 
closest to the field area of this thesis. The Sheep Hole section essentially duplicated the long 
section of Chang et al. (1987). Boley et al. (1994) warned that the Painted Canyon and Palm 
Spring Thermal Canyon sections should be interpreted in a preliminary fashion because the 
sections were minimally sampled. Despite closer site spacing and collecting more samples 
per site than Chang et al. (1987) (119 specimens from 38 sites over 141 meters of section), 
the Sheep Hole section yielded no normal polarity sites. Normal polarity directions from the 
Painted Canyon and Palm Spring Thermal Canyon sections were observed to be more tightly 
clustered in geographic coordinates than in tilt-corrected coordinates, leading Boley et al. 
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(1994) to conclude that they were likely normal overprints and not ancient (pre-bedding tilt) 
directions. 
 Boley et al. (1994) also noted that the normal and reverse polarity sites of the Painted 
Canyon section fail the reversal test of McFadden and McElhinny (1990). Importantly, Boley 
et al. (1994) stated that the data of Chang et al. (1987) fail the same reversal test. The Sheep 
Hole section data, overlapping with the Chang et al. (1987) section could not be used for that 
reversal test because no normal sites were discovered, but the data did pass a fold test of 
McElhinny (1964), which indicated that the reverse polarity directions predated tilting of the 
beds.  
 The rotation data lead Boley et al. (1994) to claim 0.0° ± 2.4° degrees of rotation for 
the Sheep Hole section and 18.1° ± 22.8°of clockwise rotation for the Painted Canyon 
section. The low number of sites and specimens (6 and 18, respectively) for the Painted 
Canyon section contribute to the wide confidence limits and gave reason for Boley et al. 
(1994) to dismiss the values as insignificant. Boley et al. (1994) compared this work to the 
paleomagnetic study of Boley (1993) in the Indio Hills which located only one normal 
polarity zone and yielded rotations of 11.7° ± 7.8° clockwise and 9.1° ± 5.3° 
counterclockwise for different parts of the Indio Hills. 
 These prior studies have demonstrated that the Palm Spring Fm. has recorded a 
paleomagnetic signal of varied quality, and that there are differences in data interpretation by 
different research groups. The studies were hampered by low sampling numbers, contention 
regarding magnetic overprints and the inability to sample across a conformable contact 
between the upper and lower units of the Palm Spring Fm. Both studies indicate that a more 
detailed analysis of magnetic mineralogy and remanence origin is necessary to make 
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confident interpretations of the magnetostratigraphy and block rotation. It is clear that an 
assessment of the remanence should be done, including analysis of mineralogy, domain size 
and magnetic behavior characteristics. Chang et al. (1987) and Boley et al. (1994) indicated 
that a more robust paleomagnetic study is crucial to understanding the complex history of the 
Mecca Hills.  
 
1.4 Problem Statement 
In order to test ideas about the development of wrench tectonic structures and vertical 
crustal motions, it is important to constrain the timing of uplift and/or subsidence. To assess 
this timing in the southern SAF zone, the ages of sediments in the basins proximal to the SAF 
must be well-determined. The goal of this study is to better constrain the sediment ages of the 
Palm Spring Fm. upper unit in the Mecca Hills, CA, which preserves a sedimentary sequence 
within the Salton Trough releasing bend. As discussed, the age of the upper unit of the Palm 
Spring Fm. in the Mecca Hills is poorly constrained and magnetostratigraphy is the most 
viable method for defining the ages of the upper unit strata. 
Paleomagnetism can also be used to assess other elements of regional deformation, 
including vertical axis block rotation. Rotations determined by paleomagnetic study can be 
compared with structural and numerical models to examine the development of wrench 
tectonics features as a result of motion within the San Andreas fault zone. Combined, 
detailed analysis of magnetostratigraphy and block rotation analysis in the Palm Spring Fm. 






2.1 Field Methods 
Two seasons of field work during the winters of 2012 and 2013 had a goal of 
sampling the upper unit of Palm Spring Fm. from the locally gradational contact with the 
lower unit of the Palm Spring Fm. to the top of the upper unit. Stratigraphy of the section was 
measured and described by McNabb (2013) prior to paleomagnetic field work. Conventional 
paleomagnetic sampling by drilling was not permissible because of wilderness regulations. 
Two methods of sample collection were used and a number of precautions were taken to 
mitigate error. It is important to state that a site is composed of samples and if the sample is 
subdivided, then the divisions are referred to as specimens 
The first method of block sampling required the location of a planar in situ rock 
surface. The strike and dip of this surface were recorded, as were the stratigraphic level of the 
surface, sedimentological/lithologic description of the rock, and bedding orientation. Once 
this information was recorded, the sample was labeled with sample number and strike/dip 
symbol and extracted with hammer and chisel. The sample was then bagged, labeled again, 
and stored for transportation. At least three block samples were taken from each site, with a 
preference for four or five samples if possible. 
The second method of plastic core sampling was used if a satisfactory block sample 
could not be located because the material was not sufficiently lithified to form blocks. A 
planar surface was made in the sediment and a cylindrical plastic tube was pressed into the 
sediment perpendicular to that plane. A small mark on the tube was oriented to point up-dip 
on the planar surface so that three dimensional orientation of the core was accurately 
preserved and recorded. Sediment was then carefully removed from around the cylinder so 
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that the tube could be removed and capped with minimal sediment motion. Due to the 
increased risk of sediment motion with this method, seven samples were taken from each site 
that required plastic core sampling. Where possible, both block and plastic core samples were 
taken. 
 
2.2 Lab Preparation 
All samples were shipped to the Pacific Northwest Paleomagnetism Laboratory at 
Western Washington University, where samples were prepared and measured. Block samples 
were cored perpendicular to the oriented planar surface with a diamond bit drill. Cores were 
trimmed to standard length, yielding specimens of 10 cm3. At least one core specimen was 
removed from each block sample and some samples were drilled in multiple places. Care was 
taken to obtain the least weathered portion of the core, so that the effect of chemical and 
mechanical weathering on remanence was minimized.  
Several plastic core specimens, upon reaching Western Washington University, 
showed evidence of sediment movement within the core, and several block samples showed 
substantial disaggregation and crumbling despite intensive packaging protection. To inhibit 
further disturbance, a two-stage process was used to permeate and solidify the sedimentary 
samples before measurement. Cotronics Corp. ceramic hardener 901A, a non-magnetic silica 
based curing agent, was used for this. Each plastic specimen was carefully saturated by using 
an eye dropper to apply the hardener and allowed to dry. Then each specimen was submerged 
in the hardener until saturated, removed and allowed to dry again. The liquid hardener was 
changed for each sample to avoid cross-specimen contamination. Use of this process 
substantially improved the coherence of the specimen. Some block sample specimens were 
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 Two methods of demagnetization were used to incrementally demagnetize the 
specimens for paleomagnetic analysis, either separately or sequentially. The methods were 
thermal demagnetization and alternating field (AF) demagnetization, the latter of which 
required special measurement methods. Plastic cores required AF demagnetization 
exclusively because they cannot withstand the high temperatures of thermal demagnetization. 
Block sample cores were predominantly thermally demagnetized because pilot samples 
showed better demagnetization trends with this method. After each demagnetization step, the 
magnetic remanence of the specimen was measured using a 2-G 755 DC SQUID (super 
conducting quantum interference device) magnetometer. 
 AF demagnetization utilized a Dtech D-2000 AF demagnetizer. Preliminary results 
suggested that the samples were acquiring gyro-remanent magnetization (Dankers and 
Zijderveld, 1981) so subsequent specimens were demagnetized using an anti-gyro-remanent 
magnetization technique. Gyro-remanent magnetization is acquired perpendicular to the 
applied field of the AF demagnetizer. To combat this, each of the three orthogonal specimen 
axes were demagnetized and measured independently. That is, the X-direction was 
demagnetized and the specimen was measured in the SQUID. Then the Y and Z directions 
were demagnetized and measured in turn. The respective vectors were then extracted from 
the SQUID files to yield a combined file which included only the components in each 
demagnetization direction, and not perpendicular to it. A typical AF specimen followed this 
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demagnetization schedule (mT): 2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 
120, 150, 200. Thermal demagnetization used an ASC-TD48 thermal demagnetizer following 
this typical schedule (C°): 80, 120, 180, 200,250, 275, 300, 350, 400, 425, 450, 490, 530, 
560, 590, 620, 650, 680. Specimens were demagnetized until further measurements did not 
improve the fits of the lines and planes. 
 
2.4 Demagnetization Data Analysis 
 Data were plotted, analyzed and interpreted using orthogonal vector projections of 
Zijderveld (1967), equal area projections, and principal component analysis of Kirschvink 
(1980). Lines and planes were fit to the demagnetization data and were either free-fit or 
anchored-fit. Anchored-fit lines and planes force the line/plane through the origin, while free-
fit lines/planes do not. If a sample has recorded only one magnetic field, it will have a 
demagnetization path that trends linearly to the origin. If a sample has remanence that was 
acquired at different times such as an ancient times magnetic field and an overprint acquired 
during the present day, then multiple directions may be observed. The most stable component 
that decays linearly to the origin is known as the characteristic remanent magnetization (e.g., 
Tauxe, 1998). In the case that two vectors are removed simultaneously at different rates, the 
data points will define a curve rather than a line. This curve exists in the plane defined by the 
two simultaneously removed directions, one of which is the characteristic remanent 
magnetization when the plane is anchored to the origin. Colinearity and coplanarity of the fit 
lines and planes were assessed based on the maximum angular deviation (MAD) of the fit 
and N, the number of data points defining the fit. 
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 During analysis, specimens were classified into one of three types. Specimen that 
show an isolated, well-defined, linear component that decays toward the origin are classified 
as Type 1. Specimen that show a clear trend towards one polarity without a well-defined 
characteristic remanence are classified as Type 2. Type 2 data were identified based on three 
demagnetization characteristics: 1) those which show a clear clustering near one polarity, 
excluding the opposite polarity 2) specimen which showed a clear trend towards one polarity 
but physically failed catastrophically when demagnetized and 3) specimen that show a clear 
plane with measurements trending away from one polarity and towards the other on an equal 
area plot. The rest, specimens that show neither a well-defined linear component nor a clear 
trend towards one polarity, were classified as Type 3.  
  
 
2.5 Site Mean Direction Calculations 
 Site mean directions were calculated using combined line-plane analysis (McFadden 
and McElhinny, 1988), the bootstrap statistics described by Tauxe et al. (1991) and Fisher 
(1953) statistics. For curvilinear analysis to be performed to calculate site means, a 
combination of fit lines and fit planes were used in conjunction, with each specimen having 
one fit line or fit plane. Curvilinear analysis yielded the most probable orientation of the 
characteristic remanent magnetization based on the intersections of the selected anchored 
lines and planes. Fisher (1953) statistics use a three dimensional Gaussian distribution to 
calculate the statistical confidence of values computed from data points dispersed on a 




Site mean directions were compared to the current geomagnetic field direction and 
the expected, time-averaged direction for the field area. The expected time averaged 
geomagnetic field direction for the field area (33° 37’ N, 116° 0’ W) is declination = 0° and 
inclination = 53° (or its perfect antipode) based on the equation 
 
tan( ) = 2 tan( ) 
 
where I is the inclination and λ is the latitude (Butler, 1992). Declination is 0° because it is 
commonly accepted that conformable stratigraphic sections spanning greater than 10,000 
years span enough time to average out paleosecular variation when a mean direction is 
calculated from site means throughout the section (Tauxe, 1998). Differential motion of the 
field area relative to the spin axis is negligible during the past 2 Ma. The current magnetic 
field direction for the region is (dec/inc = 12°/59°) (International Geomagnetic Reference 
Field, 2009). 
 Analysis of site mean directions was performed in both geographic and stratigraphic 
coordinate systems. Geographic coordinates is the in situ orientation of directional data. 
Stratigraphic coordinates is the orientation of the directional data after the strata are corrected 
to pre-tilt (horizontal) orientations. 
 
2.6 Tests of Statistical Confidence 
 The fold test of Tauxe and Watson (1994) is typically performed in paleomagnetic 
analysis to help ascertain whether magnetization is from a time prior to, or after, tilting of 
strata. However, the lack of structure and consistent low dip angle within the section preclude 
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the use of the Tauxe and Watson (1994) fold test. The reversal test of Watson (1983) 
evaluates the level of antipodality of modes within a distributed data set based on the 
statistical parameter Vw. This statistic was proposed by Watson (1983) as a means of 
determining the probability that two data sets are taken from the same distribution. Tauxe 
(1998) explains that the null hypothesis of this method is that the two data sets are taken from 
one common distribution. This null hypothesis can be rejected if Vw is below the critical 
value of Vw, which is determined by Monte Carlo Simulation.  
 
2.7 Polarity Assignments 
Site polarities are assigned based on the polarities of Type 1 and Type 2 specimens 
from each site. A site is defined as normal if the demagnetization data for the site have Type 
1 and Type 2 specimens indicating a north and down direction. A site is defined as reverse if 
Type 1 and Type 2 specimens indicate a south and up direction 
 
2.8 Rock Magnetism Analysis 
 Analysis of the magnetic carriers within rocks is an important part of a paleomagnetic 
study (McFadden and McElhinny, 2000; Opdyke and Channell, 1996). Assessment of 
magnetic minerals, domain size and magnetic behavior is useful for inferring the 
method/timing of remanence acquisition and stability of remanence. Two specimens from 
each 2012 field season site were used for analysis with a Princeton Series 3900 Vibrating 
Sample Magnetometer, which measured magnetic hysteresis, isothermal remanent 
magnetization and back field demagnetization. These measurements are necessary to 
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calculate the saturation magnetization (Ms), remanence of magnetization (Mrs), magnetic 
coercivity (Hc) and coercivity of remanence (Hcr). 
 
2.8.1 Magnetic Hysteresis  
 Measurement of magnetic hysteresis was used to obtain values for Ms, Mrs and Hc. 
For block sample specimens, a small (~50 mg) representative piece of the sample was broken 
off for measurement. The piece was adhered to the sample measurement rod with vacuum 
grease. For plastic core samples, a portion of the core was extracted, ground up and packed 
into the end of a non-magnetic gel capsule. This capsule was then attached to the end of the 
sample measurement rod. Sensitivity was set to accommodate the strength of the magnetic 
moment for each specimen, but all specimens underwent similar test procedures. Hysteresis 
measurements of a typical specimen were in 5 mT (50 Oe) steps to a 1.5 T (15,000 Oe) 
maximum applied field with 1 second averaging time per increment and 2 averaged whole 
hysteresis loops. Hysteresis loops were corrected in two ways. First, slopes at 70% of the 
maximum applied field were corrected to zero to remove the effect of diamagnetic and 
paramagnetic constituents. Second, vertical asymmetry of the whole hysteresis loop was 
corrected, such that the loop was adjusted to be vertically symmetrical. 
 
2.8.2 Isothermal Remanent Magnetization and Back Field Demagnetization 
Isothermal remanent magnetization and the back field demagnetization of isothermal 
remanence were measured. Acquisition of isothermal remanent magnetization was measured 
with a 1.5 T maximum field and 60 second averaging times. Magnetic remanence was 
measured after each application of 25 field steps, which increased geometrically. Direct field 
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demagnetization using the same steps was then applied after magnetization in a 1.5 T field 
until Hcr was resolved. 
Parameters obtained from vibrating sample magnetometer measurements were plotted 
on Day et al. (1977) graphs of Mrs/Ms versus Hcr/Hc. Curves of Dunlop (2002) overlie the 
Day et al. (1977) plots and provide a framework for determining the domain state(s) of the 
magnetic minerals within the samples. 
 
2.8.3 Isothermal Remanent Magnetization Decomposition 
 Decomposition of isothermal remanent magnetization curves was used to aid in 
identifying the number and characteristics of magnetic coercivity components at each site. 
This was accomplished using one specimen for each 2012-season site according to the 
methods described by Kruiver et al. (2001). Since the data point for each specimen on the 
Day et al. (1977) plot following Dunlop (2002) combines all the magnetic components within 
the specimen, it is important to determine whether this point accurately reflects a dominant 
domain state of a single population of magnetic particles or whether the point is a weighted 
average of different phases. For example, a single pseudo-single domain population or a 
combination of single domain and multidomain grains with no pseudo-single domain grains 
could both plot within the pseudo-single domain region. For decomposition, remanence 
acquisition data were plotted on three graphs against the common log of the applied field. 
The three graphs are linear acquisition plot, gradient acquisition plot and standardized 
acquisition plot. Coercivity components were estimated based on mean coercivity of the 
component and the dispersion of the component as defined by the standard deviation. The 
summation of all estimated components will theoretically sum to define a curve which 
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reasonably describes the isothermal remanence data with a low R2 value. The most prominent 
peak component was fit with a curve first. Secondary and tertiary components were then fit 
to fine-tune the curve of the summed components. The relative contributions of the 
components were used to assess the domain range complexity for each site, and how well the 
points on the Day et al. (1977) plot reflect the magnetic characteristics of the sites. 
 
3 RESULTS AND ANALYSIS 
3.1 Field work 
Two field seasons of sampling yielded sites spanning 745 stratigraphic meters of the 
Palm Spring Fm. upper unit. The exact location of the field area and the sampled section is 
shown in Figure 3. Also shown, for comparison, are the approximate locations of the 
paleomagnetic studies done by Chang et al. (1987) and Boley et al. (1994). The locations and 




Demagnetization analysis yielded well defined (type 1 or type 2 specimens) lines or 
planes for 102 specimens from 36 sites. The line and plane fits are given in Table 2. Several 
samples produced multiple specimens. For samples that contained more than one direction-
yielding specimen, only the most statistically robust specimen was used in further analysis. 
This was done to maintain statistical equality across samples. Specimens were evaluated 
based on the maximum angular deviation and N, where a low maximum angular deviation 
and high N were preferred. Preference was given to specimens that had been demagnetized 
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using only one method, i.e., thermal or alternating field. Preference was also given to 
specimens yielding fit lines rather than fit planes.  
Type 1 thermally demagnetized specimens commonly show a northward direction 
component, which was removed at low temperatures of (< 300 C°), and a well-defined high 
temperature component, removed between ~300 C° and ~650 C°. This second component 
was easier to identify for reverse polarity specimens than normal polarity specimens. Type 2 
thermal specimens commonly display a gradational overlap of two components to which only 
a plane could be fit. Planes could only be identified for reverse polarity sites, so all normal 
sites are interpreted based on Type 1 data 
Some AF specimens retained up to 20% of their remanence even after application of 
the 200 mT maximum field. Line and plane fits for AF specimens typically display less clear 
trends than the thermal specimens. Decay trends for Type 1 specimens typically begin at low 
fields of <15 mT with decay towards the origin until the maximum field is applied or the 
signal is lost at intermediate applied fields of ~100 mT. Typical Type 2 AF specimens 
display well defined planes on equal area plots. Demagnetization paths for these specimens 
do not approach the origin on orthogonal diagrams or show well defined lines that terminate 
in a cluster of points near one polarity direction.  
 
3.3 Site Polarities 
Polarity is assigned to 36 sites based on the criteria defined in the methods. Several 
sites yielded indeterminate polarities because no Type 1 or Type 2 specimens were identified. 
The results of polarity assessments are shown in Figure 4 and Table 3. Particular attention 
was paid to the normal direction sites, due to the contention between Chang et al. (1987) and 
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Boley et al. (1994) about whether the normal signal was ancient or modern. The difference 
between a modern normal overprint and a reverse ancient polarity is easier to identify than 
the difference between a normal overprint and a normal ancient polarity. Hence, it is 
particularly important to ensure that the normal polarity sites record a normal ancient polarity 
field, rather than a recent field overprint. For this reason, only Type 1 specimens were used 
for normal polarity interpretation.  
The demagnetization trends, unblocking temperatures and unblocking fields of 
normal (down and north direction) specimens were evaluated to assess whether the lines 
were indicative of a modern or ancient field. Every normal site was confirmed to have well 
defined high temperature (up to ~650 C°) or high field (up to 200 mT) specimens. The high 
observed unblocking temperatures and fields of the components increases confidence that the 
signal is ancient. Examples of select demagnetization plots are shown in Figures 5, 6, 7 and 
8.  
  
Sites with imprecise means, noted by their high α95 and/or low κ, were evaluated to 
determine whether they should be included in further direction analysis and block rotation 
analysis. It is important to note that for small data sets, κ is a better evaluator of direction 
confidence than α95 because α95 becomes artificially large for small N (Tauxe, 1991). Site 
means were accepted for further analysis if the following criteria were met: 1) the site mean 
was calculated from at least three specimens from different samples 2) at least one specimen 
yielded a well-defined line and 3) κ for the site mean was ≥ 20. According to this standard, 





3.5 Reversal test 
 Results of the reversal test are given in both geographic and stratigraphic coordinates. 
In both coordinate systems the reversal test of Watson (1983) is inconclusive because the 
calculated value of Vw is greater than the critical value of Vw. The null hypothesis that the two 
directions are derived from the same distribution cannot be rejected. In geographic 
coordinates the critical value of Vw is 7.0 and the calculated value of Vw for the data set is 
17.9. In stratigraphic coordinates the critical value of Vw is 6.7 and the calculated value of Vw 
for the data set is 19.4. Because the reversal test is inconclusive in both coordinate systems, it 
cannot be used to ascertain the timing of remanence with respect to tilting of strata. 
 
3.6 Inclination Comparison and Regional Block Rotation 
Calculated mean regional remanence directions in geographic and stratigraphic 
coordinates are compared to the expected time averaged regional direction in Table 4 and 
figure 9. Directions were calculated using a nonparametric bootstrap method according to 
Tauxe et al. (1991). The given directions are the normal (N) directions (north and down) and 
reverse (R) directions (south and up) in both coordinate systems.  
 The comparison of κ for different coordinates and modes is of interest because it may 
shed light on the origin of remanence, as discussed later in interpretations. When geographic 
directions are tilt-corrected, the κ for the normal mode decreases from 261 to 157 and the κ 





3.7 Rock Magnetism 
 Two specimens per site for samples from the 2012 field season were measured on the 
vibrating sample magnetometer. Values obtained for parameters used on the Day et al. 
(1977) plot are given in Table 5. Specimens showed a range of magnetic hysteresis 
characteristics (Figure 10). Many yielded well defined narrow hysteresis loops, a 
characteristic typical of specimens dominated by pseudo-single domain grains (Tauxe, 1998). 
 
3.7.1 Day et al. (1977) plot 
Data from magnetic hysteresis and direct field demagnetization curves are plotted 
against the curves of Dunlop (2002) on a Day et al. (1977) plot in Figure 11. There is a clear 
linear trend, which is offset to the right from the single domain envelope, in the 
characteristically pseudo-single domain zone. Some specimens plot outside of this group in 
the multi-domain region, indicating there is domain state variation between specimens. These 
individual site magnetic characteristics, complications and variations were primary reasons 
for decomposing the isothermal remanent magnetization plots to assess the characteristics of 
magnetic remanence at each site. Ultimately, there is a strong indication that much of the 
stable remanence comes from pseudo-single domain magnetic material. 
 
3.7.2 Isothermal Remanent Magnetization Decomposition 
Component analysis of the isothermal remanent magnetization curves yields a 
common trend with minor complexities. Most specimens show one component which 
dominates the remanence acquisition, and one common secondary component. Some 
specimens also show evidence for a third and others a fourth component, but the 
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contributions of these components is small. A selected plot of isothermal remanent 
magnetization decomposition is given in Figure 12. There is a strong peak component 
between 101 mT and 101.5 mT in specimens from all sites. A common secondary component 
is present at the same or higher fields than the first component. Though most specimens show 
this typical two component trend, sites 1 and 6 showed a higher level of complexity. Sites 1 
and 6 display the typical 2 component decomposition, but have additional small components 
at higher fields. Overall, the decomposition analysis indicates that there is one strong low 
coercivity component which dominates the remanence signal for the specimens and a second 
common component of higher coercivity. This is true for all sites, with varying complications 
contributing only small percent portions to the overall remanence. This suggests that the 
single points on Figure 11 are representative of the dominant domain state of the material. 
 
4 INTERPRETATIONS 
4.1 Magnetic Mineralogy 
Magnetic mineralogy of specimens is interpreted based on characteristics of 
demagnetization, hysteresis properties, isothermal remanent magnetization decomposition 
and back field demagnetization. Magnetite and hematite have been identified as typical 
magnetic remanence carriers in many paleomagnetic studies and can be independently 
identified based on their magnetic properties. Magnetite has a Curie temperature of 580°C 
(Dunlop and Özdemir, 1997) maximum coercivity of 0.3 T (Dunlop and Özdemir, 1997) and 
mass magnetic susceptibility of 578x10-8 SI/kg (Tarling and Hrouda, 1993). Hematite has a 
Néel temperature of 675°C (O’Reilly, 1984), magnetic coercivity of >5 T (Banerjee, 1971) 
and mass magnetic susceptibility of 25x10-8 SI/kg (Tarling and Hrouda, 1993). Importantly, 
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mass susceptibility is more variable than other characteristics and depends strongly on grain 
size and shape. Hence, mass susceptibility should be interpreted using the order of magnitude 
rather than specific values. This is still useful because magnetite has a susceptibility two 
orders of magnitude greater than that of hematite (Tarling and Hrouda, 1993). The magnetic 
properties of the specimens analyzed in this study indicate that magnetite and hematite are 
present throughout the entire section and are the dominant remanence carriers. Other 
magnetic minerals may be present in small, varying amounts within the section and within 
sites, but are interpreted to be lesser components of the overall magnetic signal.  
 Demagnetization trends using both thermal and alternating field demagnetization 
methods indicate the presence of both magnetite and hematite in all specimens. Hematite, 
based to its high Néel temperature and high coercivity, is interpreted to carry the last 
removed component for specimens at many sites. Any specimen whose remanence persists 
above 580°C or above 200mT (maximum field of the AF demagnetizer) is interpreted to 
contain hematite because these values are typical upper limits for magnetite remanence. 
Magnetite remanence is commonly removed via AF demagnetization below its maximum 
coercivity of 300 mT. Well defined components below 580 C° or 200 mT are likely a 
combination of magnetite carried signal and hematite carried signal.  
Decomposition of the isothermal remanent magnetization acquisition plots supports 
the interpretation that magnetite and hematite are the two dominant magnetic remanence 
carriers. As described in results, all sites are observed to have a dominant low coercivity 
component (magnetite) and a common secondary component with higher coercivity 
(hematite). These results are consistent with the interpretation that magnetite dominates the 




4.2 Remanence Acquisition 
The timing and method of magnetization is interpreted in the context of magnetic 
mineralogy, the reversal test of Watson (1983) and the comparison of calculated directions to 
expected and current directions. The comparison of κ values for directions in geographic and 
stratigraphic coordinates may shed light on remanence origin. The clustering of the normal 
directions is better in geographic coordinates while the clustering of the reverse ones is better 
in stratigraphic coordinates. This may indicate a bias of the normal mean direction toward the 
modern field which would affect the antipodality of the directions in the reversal test of 
Watson (1983). Also, the samples are taken from within a deformed fault bound block, so it 
is likely that there has been differential rotation between sampled sites or portions of the 
stratigraphic section. Such differential rotation would also produce an invalid reversal test. 
This bias may be due to a viscous remanent magnetization or late chemical remanent 
magnetization. Viscous remanent magnetization preserves information about current and 
recent magnetic fields as magnetic moments of low coercivity minerals become slightly 
realigned by the ambient magnetic field. Multidomain magnetite is interpreted to be the 
dominant carrier of viscous remanent magnetization because its coercivity is less than that of 
pseudosingle domain or single domain magnetite and much less than hematite and it is, 
therefore, more easily overprinted. Examples of viscous remanent magnetization overprints 
may be seen clearly in Figures 7 and 8, where demagnetization in low fields or temperatures 
quickly removes a signal with a direction different from the characteristic remanent 
magnetization. As previously mentioned, viscous overprints are more readily identified in 
specimens from reverse sites because the angle between the overprint direction and the 
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characteristic direction is much greater (close to 180° for reverse sites rather than close to 0° 
for normal sites). Chemical remanent magnetization is interpreted to be from oxidation 
growth of hematite after detrital remanent magnetization was acquired. This remanence 
records the magnetic field after deposition and, thus, will typically differ from the detrital 
signal. The chances that the normal signal is entirely from hematite chemical remanent 
magnetization is low since the IRM decomposition indicates that magnetite dominates all 
samples.  
The lines plotted for normal direction specimens commonly begin at low 
fields/temperatures and have the potential for including a modern field overprint that is not 
identifiably distinct from an ancient field. This overprint could result in a bias of line fit 
directions if the overprint is removed simultaneously with the ancient remanence. The 
improved clustering of the combined and reverse directions in stratigraphic coordinates 
supports the interpretation that there is ancient magnetic signal in the samples, even if it is 
complicated by a modern field. The simultaneous removal of ancient and modern remanence 
from normal specimens is a likely reason for discrepancy between coordinate systems. 
Because reverse directions are easier to differentiate from normal overprints than normal 
directions, there is potential that reverse line fits include less overprint signal due to the 
subjectivity of line fitting. 
From the analysis of rock magnetism, there is no apparent difference in Curie/Néel 
temperatures, hysteresis and IRM decomposition between normal and reverse direction sites. 
Since there is no large measured difference in the magnetic mineralogy between normal and 
reverse direction sites, it is unlikely that some sites are overprinted or remagnetized more 
than other sites. This adds support to the interpretation that remanence for both normal and 
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reverse direction sites is predominantly ancient. The common presence of paleosols in the 
upper Qpu indicates that some strata may have been exposed to more weathering and surface 
oxidation conditions than other strata, potentially resulting in chemical remanence. More data 
would be required to compare the affects of chemical weather between different strata. 
Comparison of calculated and expected directions for the region also provides insight 
into the timing of remanence acquisition. The inclination of the mean direction in geographic 
coordinates agrees better with the expected inclination than the inclination after tilt 
correction, but these directions may also be biased. The inclination may be biased by 
compaction shallowing (Tauxe, 2005), as well as the modern field. While the geographic 
mean inclination (48.0°) is closer to the expected field inclination (53°) than the stratigraphic 
mean inclination (43.6°), it is also closer to the current field inclination (59°). This could 
indicate that the modern field is biasing the ancient direction recorded by the sediments, 
consistent with the interpretations of clustering (κ) variation. It is noteworthy that the normal 
direction in geographic coordinates is not statistically distinct from the modern direction for 
the region.  
The interpretation that line and plane fits are biased towards a modern overprint is 
reasonable because a majority of specimens showed evidence of some viscous overprint. 
While this bias could be attributed to either viscous overprint or chemical remanence, it is 
probable that ancient detrital remanence is preserved because the signal is well defined at 
high temperatures/fields. The normal sites are, hence, used to define normal sections of the 
magnetostratigraphy. However, due to the suspicion that normal direction sites are more 
biased than reverse direction sites, only reverse sites are used for block rotation analysis. 
Interpretation of results in stratigraphic coordinates is accepted as reasonable because the 
27 
 
supporting evidence that an ancient field is carried as the dominant, but slightly biased, 
remanence direction. 
 
4.3 Magnetostratigraphy  
 The stratigraphic section is correlated with the geomagnetic polarity time scale of 
Gradstein et al. (2004) at polarity interval boundaries in context of previous age estimates 
and the 0.76 Ma Bishop ash layer (Rymer, 1991; Sarna-Wojcicki et al., 1984; McNabb, 
2013), which crops out just above the section analyzed in this study. The 
magnetostratigraphy is given as Figure 4, correlated to the geomagnetic polarity time scale 
(Gradstein et al., 2004). The base of the studied section is interpreted to be younger than the 
2.581 Ma base of the Matuyama polarity chron (Gradstein et al., 2004) and the section is 
interpreted to span most of this chron, including the Réunion, Olduvai and Jaramillo normal 
chrons. The stratigraphic location of the 0.781 Ma Brunhes-Matuyama boundary must 
necessarily be stratigraphically below the 0.76 Ma Bishop ash and above the uppermost 
Matuyama reverse polarity site. Based on these bounds, the most reasonable interpretation 
for the location of Brunhes-Matuyama boundary is above the top of the section presented 
within this report. In this context, the uppermost normal sites (12.13 and 12.14) are 
interpreted to have been magnetized during geomagnetic normal excursions in the upper 
Matuyama reverse chron rather than during the Brunhes normal chron. 
Using the upper boundary of the top of the Jaramillo (0.988 Ma) at 688 meters and 
the lower boundary of the Réunion (2.148 Ma) at 229 meters, an average rate of 




4.4 Block Rotation 
The region is interpreted to have undergone 7.3° ± 8.0° of counterclockwise rotation 
based on the mean declination of reverse sites in stratigraphic coordinates. There are 
insufficient data in this study to assess rotation as a function of stratigraphic level, so rotation 
values are assumed to be uniform throughout the section. Conservatively the total rotation in 
this section likely dates from 1.0 Ma or younger since the top of the section is interpreted to 
be younger than the end of the Jaramillo (0.988 Ma). Alternatively, there could be variation 
in rotation with time, which could affect the results of the reversal test and the clustering of 
directions (Watson, 1983). More data would be required to test this hypothesis. 
 
5 DISCUSSION 
The results and interpretations given in this study have broader tectonic implications 
than the paleomagnetic analysis itself and enhance the current understanding of tectonic 
development of the southern San Andreas fault system. The previous studies of the Mecca 
Hills by Chang et al. (1987) and Boley et al. (1994) have produced varied reports of 
magnetostratigraphy, block rotation and magnetic remanence carriers. Chang et al. (1987) 
concluded that detrital hematite was the main magnetic remanence carrier and that the 
southern Mecca Hills has undergone 4.5° ± 5.1° of clockwise rotation. That study also 
concluded that the Palm Spring Fm. in the Mecca Hills was deposited primarily during the 
reverse Matuyama Chron, with a calculated average sedimentation rate of .04 mm/year. 
Boley et al. (1994) also stated (inconclusively) that hematite was likely the dominant 
magnetic carrier, but had different assessments of block rotation and offered different 
interpretations of sedimentation rates. Boley et al. (1994) inferred sedimentation rates of at 
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least 1 mm/year based on magnetostratigraphy and the Bishop ash but conceded that this is 
not absolute because the magnetostratigraphy lacks the confirmed presence of the Olduvai 
and Jaramillo subchrons. Block rotation analysis from that study used 18 samples from 6 
sites to support 18.1° ± 22.8° of clockwise rotation for the region comparable to the region of 
the study presented in this thesis. Magnetostratigraphic results could not be definitively 
constrained due to the sparse sampling, but Boley et al. (1994) still concluded that most of 
the Palm Spring Fm. in the central Mecca Hills was deposited during the Matuyama reverse 
chron, generally supporting the conclusions of Chang et al. (1987).  
Boley et al. (1994) made an important point that neither their results nor the Chang et 
al. (1987) data sets pass the reversal test. Additionally, Boley et al. (1994) noted that the 
normal site mean direction clusters better in geographic coordinates while the reverse site 
mean direction clusters better in stratigraphic coordinates. These points are similar to the 
results of this thesis. The points of contention between these previous two studies focus on 
the possibility of modern field overprints and integrity of the magnetic signal because neither 
passes the reversal test and the normal direction clusters better in geographic coordinates for 
the Boley et al. (1994) data. Chang et al. (1987) accepted the normal sites as recording the 
ancient field while Boley et al. (1994) dismissed normal directions as probable overprints. 
The interpretations of this thesis support a combination of these two ideas by concluding that 
an ancient signal dominates but is biased (not totally obscured) by a modern magnetization or 
variable rotation in the fault bound block. The concept that the normal sites are entirely 
overprinted or of chemically precipitated origin is extremely unlikely considering that the 
remanence remains strongly normal through high fields/temperatures and magnetite 
remanence dominates the signal. Additionally, the normal polarity samples have similar 
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rock-magnetic characteristics to the reverse-polarity samples, so it is difficult to envision a 
mechanism to reset one set of strata, and not others, while not changing the magnetic 
mineralogy in a measureable way. 
The results and interpretations presented within this thesis support the block rotation 
interpretation of the previous studies because there is no significant rotation at the 95% 
confidence level (7.3° ± 8.0° counterclockwise). Magnetostratigraphic interpretations support 
and elaborate on the previous studies by more closely refining the depositional timing of the 
Palm Spring Fm. in the Mecca Hills to the Matuyama Reverse Chron. The Jaramillo, Olduvai 
and Réunion normal chrons are distinctly separated by respective reverse periods. Rates of 
sedimentation calculated from the correlated magnetostratigraphy are more consistent with 
the conclusions of Chang et al. (1987) than Boley et al. (1994).  
The main two points of discussion for this study are based on the magnetostratigraphy 
and block rotations. These factors are important because they greatly enhance the state of 
knowledge beyond the interpretations of Chang et al. (1987) and Boley et al. (1994). In 
conclusion, the increased density of magnetostratigraphic sampling provides new constraints 
on the timing of deposition of Palm Spring Fm. in the Mecca Hills. The density of sampling 
also improves the current understanding of vertical block rotation for the region. Ongoing 
research collaboration will continue to augment this understanding as further study increases 
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Table 1a: Site locations and attitudes for 2012 field season sites 
 
Site # Northings Eastings Strat. level (m) Bed Strike Bed Dip 
12-Qpu-1 594242 3719968  109.5 145 14 
12-Qpu-3 592579 3720825 283 180 11 
12-Qpu-4 592210 3721320 329 195 12 
12-Qpu-5 591956 3721385 382 185 10 
12-Qpu-6 591819 3721784 433 208 11 
12-Qpu-7 591679 3721967 466 185 13 
12-Qpu-8 591485 3722086 517 206 12 
12-Qpu-9 591295 3722349 564 200 9 
12-Qpu-10 591176 3722599 609 205 12 
12-Qpu-11 591086 3722879 647 200 13 
12-Qpu-12 591036 3722994 688 200 13 
12-Qpu-13 590954 3723191 742 200 12 
12-Qpu-14 590894 3723248 778 200 12 
12-Qpu-15 593900 3719914 164 140 15 
12-Qpu-16 593348 3720132 208 140 12 
12-Qpu-17 593264 3720663 229 176 12 
 
 
Table 1 abbreviation descriptions 
 
“Site #” column = “field year - unit – site number” 
“Northings” column = GPS northings according to UTM quadrangle 11S: WG884 
“Eastings” column = GPS eastings according to UTM quadrangle 11S: WG884 
“Strat. level (m)” column = stratigraphic level of site in meters 
“Bed strike” column = strike of bedding at site 






Table 1b: Site locations and attitudes for 2013 field season sites 
 
Site # Northings Eastings Strat. level (m) Bed Strike Bed Dip 
13-Qpu-1 592762 3720468 249 280 20 
13-Qpu-2 592701 3720601 264 290 10 
13-Qpu-3 592602 3720582 266 204 10 
13-Qpu-4 592518 3720998 292 165 8 
13-Qpu-5 592424 3721014 311 173 17 
13-Qpu-6 592205 3721321 331 182 9 
13-Qpu-7 592096 3721378 354 190 12 
13-Qpu-8 591991 3721375 373 182 10 
13-Qpu-10 591868 3721653 398 205 11 
13-Qpu-11 591868 3721653 398 205 11 
13-Qpu-12 591749 3721929 455 204 11 
13-Qpu-13 591592 3721956 476 205 11 
13-Qpu-14 591516 3721998 492 168 11 
13-Qpu-15 591486 3722083 517 206 12 
13-Qpu-16 591435 3722261 537 138 10 
13-Qpu-17 591336 3722360 564 195 12 
13-Qpu-18 591214 3722479 592 206 14 
13-Qpu-19 591185 3722590 609 195 11 
13-Qpu-20 591207 3722707 615 230 13 
13-Qpu-21 591118 3722724 625 288 9 
13-Qpu-22 591012 3722960 664 223 13 
13-Qpu-23 590952 3723027 688 153 13 
13-Qpu-24 590933 3723097 711 197 13 
13-Qpu-25 590585 3722660 716 250 24 
13-Qpu-26 590580 3722774 732 228 21 
13-Qpu-27 590510 3722842 757 240 15 
13-Qpu-28 590398 3722887 764 255 18 
13-Qpu-29 590334 3722953 802 252 20 
13-Qpu-30 590250 3722973 820 234 37 
13-Qpl-32 no GPS signal   101 137 14 
13-Qpl-33 no GPS signal   75 144 12 
13-Qpu-34 594139 3719879 137 134 14 
13-Qpu-35 593526 3720095 184 168 13 





Table 2: Demagnetization line and plane fits 
 
SPECIMEN DEC. INC. N MAD LINE or PLANE 
            
2012Qpu0103a 167.9 -18.5 12 4.1 line 
2012Qpu0101c 149.7 -49.5 5 4.3 line 
2012Qpu0102c 161.4 -45.4 8 2.4 line 
            
2012Qpu0303a 329.8 23.7 4 7.5 plane 
2012Qpu0302bTOP 150 17.2 11 3.4 plane 
2012Qpu0304b 207.7 -30.5 7 17.6 line 
            
2012Qpu0405a 242.7 6.3 8 10.6 plane 
2012Qpu0407a 103.2 -5.6 7 12 plane 
2012Qpu0406a 309.7 -2.1 4 12.4 plane 
2012Qpu0404a 226.2 -5 4 16.8 plane 
2012Qpu0403a 228.8 -0.2 4 16.3 plane 
2012Qpu0402a 19.9 -51.6 6 7.6 plane 
            
2012Qpu0501a 217.2 4.3 11 18.6 plane 
2012Qpu0502a 333 47.9 7 6.9 line 
2012Qpu0504a 6.5 47.3 6 4.4 line 
2012Qpu0505a 357.3 46.2 7 3.3 line 
2012Qpu0506a 354 62.9 12 4.6 line 
            
2012Qpu0601a 155.8 -59.4 5 7.9 line 
2012Qpu0603b 233.3 2.1 7 7 plane 
2012Qpu0604a 194.7 33.2 7 9.6 plane 
2012Qpu0606a 301.3 -23.6 8 18.3 plane 
            
2012Qpu0702a 333.3 59.8 7 8.6 line 
2012Qpu0703a 336.3 44.4 5 2.7 line 
2012Qpu0707a 335.5 44.4 6 3.4 line 
            
2012Qpu0802a 350.5 61.4 6 3 line 
2012Qpu0805a 346.2 60.1 11 5.6 line 
2012Qpu0807a 71.8 -18.9 6 8.1 plane 
            
2012Qpu1001a 107.3 24.1 5 3.7 plane 
2012Qpu1002a 290.5 -18 6 13 plane 
2012Qpu1003a 190.8 46.6 7 7.6 plane 
2012Qpu1004a 235.6 36.3 7 5.8 plane 
2012Qpu1005a 131.1 52.2 6 10.2 plane 
2012Qpu1006a 80.6 -16.6 10 19.3 plane 





Table 2 continued 
SPECIMEN DEC. INC. N MAD LINE or PLANE 
            
2012Qpu1101a 335.5 44.4 22 4.8 line 
2012Qpu1102a 0.5 52.1 22 3.2 line 
2012Qpu1104b 333 55.9 19 1.7 line 
2012Qpu1103c 33.8 65.6 11 5 line 
            
2012Qpu1201a 356.7 48.1 6 4.8 line 
2012Qpu1202a 17.7 29.4 7 5.8 line 
2012Qpu1203a 332.8 65.5 6 3.2 line 
2012Qpu1204a 343.8 61.5 4 1.4 line 
2012Qpu1205a 0.1 57.3 7 2.8 line 
2012Qpu1206a 335.6 53.4 7 5.2 line 
2012Qpu1207a 345.5 42.3 6 2.9 line 
            
2012Qpu1304a 333.3 59.5 7 1.8 line 
2012Qpu1305a 331.5 68.1 6 2.4 line 
2012Qpu1306a 3.9 69.8 12 1.8 line 
2012Qpu1307a 354 53.6 11 2.2 line 
2012Qpu1301a 334.7 85.3 5 4.2 line 
            
2012Qpu1401a 359.4 51.6 11 3.8 line 
2012Qpu1402a 5 53 11 2.5 line 
2012Qpu1403a 9.5 51.4 7 5.5 line 
2012Qpu1404a 17.5 42.7 7 6 line 
2012Qpu1405a 11 62 7 2 line 
2012Qpu1406a 358.2 58.3 6 2.5 line 
2012Qpu1407a 38.4 -3.1 5 11.8 plane 
            
2012Qpu1501a 227.9 -39.9 7 7.6 line 
2012Qpu1502a 141.3 18.1 10 11.6 plane 
2012Qpu1503a 176.8 -69.5 7 5.1 line 
            
2012Qpu1601b 188.5 -69.5 5 1.2 line 
2012Qpu1602b 169.7 -42.8 11 3.9 line 
2012Qpu1603a 199.5 -73.7 14 6.7 line 
2012Qpu1604a 235.5 8.5 10 14.7 plane 
            
2012Qpu1701b 348.6 57.9 10 3.6 line 
2012Qpu1701a 336.3 72.2 17 3.6 line 
            
2013Qpu03.1a 151.3 -49.7 12 3.3 line 





Table 2 continued 
SPECIMEN DEC. INC. N MAD LINE or PLANE 
            
2013Qpu04.1a 166.7 -42.5 10 7.2 line 
2013Qpu04.3a 155.9 -39 9 10 line 
2013Qpu04.2a 93.8 -1.5 13 14.8 plane 
            
2013Qpu05.2b 171.8 -68.3 14 8.2 line 
2013Qpu05.3 172.5 -57.4 11 6.9 line 
2013Qpu05.1 255.2 43.1 10 36.6 plane 
            
2013Qpu06.2 6.5 41 9 6.3 line 
            
2013Qpu07.2a 321.3 56.4 9 11.4 line 
            
2013Qpu08.2b 13.4 39.4 17 5.4 line 
2013Qpu08.3 332.4 42.1 16 13 line 
            
2013Qpu09.1 345.8 50.9 15 5.8 line 
            
2013Qpu10.1a 344.4 44.1 15 3.9 line 
            
2013Qpu12.1 189.8 -14.5 11 5.2 line 
2013Qpu12.3a 197.8 -25.5 15 7.5 line 
2013Qpu12.4b 201.9 -15.2 15 5.7 line 
            
2013Qpu13.3a 238.4 10.3 15 9 plane 
2013Qpu13.4a 67.8 -33.8 14 10.5 plane 
2013Qpu13.2a 111.4 -11.7 15 28.4 plane 
2013Qpu13.1a 39.4 -27 8 6.8 plane 
            
2013Qpu15.2 45.7 -7.6 9 19.1 plane 
2013Qpu15.3a 210.6 -39.6 10 7.8 line 
            
2013Qpu16.2a 160.6 -19.7 13 4.4 line 
2013Qpu16.3a 148.3 -50.9 9 7.9 line 
2013Qpu16.4a 158.6 -42.8 13 4.6 line 
            
2013Qpu17.1a 159 -30 12 7.9 line 
2013Qpu17.2a 153.5 -52.4 13 2.9 line 
2013Qpu17.3 170.2 -37.4 14 6.5 line 
40 
 
Table 2 continued 
SPECIMEN DEC. INC. N MAD LINE or PLANE 
            
2013Qpu19.2 0.6 51.7 15 3.8 line 
            
2013Qpu20.2 343 62.7 7 3.9 line 
2013Qpu20.1 65.3 58.8 9 4.4 line 
            
2013Qpu24.1 164.2 -61.5 12 2.5 line 
2013Qpu24.2a 174.3 -49.8 11 4.1 line 
2013Qpu24.3a 167.3 -54 13 5.3 line 
            
2013Qpu25.1a 174.3 -7.4 13 5.4 line 
2013Qpu25.2a 164 -39.5 12 1.8 line 
2013Qpu25.3 160.9 -38.6 12 2 line 
2013Qpu25.4a 168.7 -17.4 12 3.2 line 
            
2013Qpu26.1a 169.3 -30.3 8 8.1 line 
2013Qpu26.2 178.2 -40.1 13 4.4 line 
2013Qpu26.3a 182.9 -29 6 4.3 line 
2013Qpu26.4a 186.1 -29.1 14 5.4 line 
            
2013Qpu27.1a 180.2 -37.8 13 2.7 line 
2013Qpu27.2a 194.1 -42.4 13 5.3 line 
2013Qpu27.3a 183.5 -38.2 15 3.8 line 
            
2013Qpu29.4a 191.3 -47 14 2 line 
2013Qpu29.2a 195.1 -39.1 14 4.2 line 
2013Qpu29.1 142.3 11.9 10 3.8 line 
2013Qpu29.3a 222 -68.7 15 3.1 line 
            
2013Qpu30.2a 250.2 10.2 16 4.4 plane 
2013Qpu30.3a 225.8 51.2 14 6.6 plane 
            
2013Qpu31.1 327.4 35 16 2.3 line 
            
2013Qpu32.1a 176.9 -41.9 16 3.3 line 
2013Qpu32.2a 159.8 22.1 13 16.5 plane 




Table 2 continued 
SPECIMEN DEC. INC. N MAD LINE or PLANE 
            
2013Qpu33.1 161.1 -39.5 14 8.3 line 
2013Qpu33.2 142.2 -2.3 15 22.2 plane 
2013Qpu33.3 171.2 -43.5 11 8.9 line 
            
2013Qpu35.1a 165.5 -29.5 12 5.4 line 
2013Qpu35.3a 166.2 -34.2 12 2.6 line 
            
2013Qpu36.1a 165.6 -45.1 14 3.8 line 
2013Qpu36.2a 178.2 -35.5 13 5.1 line 
2013Qpu36.3a 148.2 -57.3 13 5 line 
 
 
Table 2 abbreviation descriptions 
 
“Specimen” column = Specimen number 
“Dec.” column = declination of measured remanence direction or pole to plane 
“Inc.” column = inclination of measured remanence direction or pole to plane 
“N” column = number of points defining the line or plane 
“MAD” column = Maximum Angular Deviation of the line or plane fit to “N” data points 




Table 3: Site polarities and type classifications of specimens 
 
Site Meters From Base Site Polarity Type 1 Type 2 
13.30 820 R 0 2 
13.29 802 R 4 0 
12.14 778 N 6 0 
13.28 764 I 0 0 
13.27 757 R 3 0 
12.13 742 N 3 0 
13.26 732 R 4 0 
13.25 716 R 4 0 
13.24 711 R 3 0 
13.23 688 I 0 0 
12.12 688 N 5 0 
13.22 664 I 0 0 
12.11 647 N 4 0 
13.21 625 I 0 0 
13.20 615 N 2 0 
13.19 609 N 1 0 
12.10 609 R 0 3 
13.18 592 I 0 0 
13.17 564 R 3 0 
12.9 564 I 0 0 
13.16 537 R 3 0 
13.15 517 R 1 1 
12.8 517 I 0 0 
13.14 492 I 0 0 
13.13 476 R 0 4 
12.7 466 I 0 0 
13.12 455 R 3 0 
12.6 433 R 1 1 
13.10 398 N 1 0 





Table 3 continued 
Site Meters from base Site polarity Type 1 Type 2 
12.5 382 N 4 0 
13.8 373 N 2 0 
13.7 354 N 1 0 
13.6 331 N 1 0 
12.4 329 I 0 0 
13.5 311 R 2 1 
13.4 292 R 2 1 
12.3 283 R 0 2 
13.3 266 R 2 0 
13.2 264 I 0 0 
13.1 249 I 0 0 
12.17 229 N 1 0 
13.36 213 R 3 0 
12.16 208 R 4 0 
13.35 184 R 2 0 
12.15 164 R 3 0 
13.34 137 I 0 0 
12.1  109.5 R 3 0 
13.32 101 R 2 1 
13.33 75 R 2 1 
 
 
Table 3 abbreviation descriptions 
 
“Site” column = field year and site number in “year.site” format 
“Meters from base” column = distance up section from base in meters 
“Site polarity” = interpreted polarity of the site 
“Type 1” column = number of type 1 specimen at site 




Table 4: Comparison of mean directions to current and expected directions 
 
Mode Declination Inclination α 95 N κ 
      
Stratigraphic N 355.1 55.8 7.3 4 157 
Stratigraphic R 172.7 -39.1 8 11 33 
      
Geographic N 13.9 58.8 5.7 4 261 
Geographic R 181.1 -43.8 9.4 11 24 
      
Expected Direction 0 53    
Current Direction 12 59    
 
 
Table 4 abbreviation descriptions 
 
“Mode” column = description of direction and coordinates 
“Declination” column = declination of direction 
“Inclination” column = inclination of direction 
“α 95” column = α 95 confidence interval of Fisher (1953) 
“N” column = number of directions used to calculate mean direction 





Table 5: Information from vibrating sample magnetometer 
 
Specimen  Mrs Ms Hcr Hc Mrs/Ms Hcr/Hc 
1.1 1.63E-05 1.03E-04 7.55E+02 1.20E+02 0.158 6.276 
1.3 4.75E-05 2.97E-04 1.89E+03 2.08E+02 0.160 9.095 
3.3a 1.02E-03 1.10E-02 4.53E+02 1.14E+02 0.093 3.975 
3.4a 2.73E-04 2.96E-03 5.03E+02 1.16E+02 0.092 4.333 
4.2a 1.10E-03 6.63E-03 5.85E+02 1.82E+02 0.166 3.206 
4.5a 5.41E-04 3.31E-03 6.06E+02 1.74E+02 0.164 3.488 
5.2a 2.65E-03 3.73E-02 4.16E+02 8.75E+01 0.071 4.756 
5.4a 1.16E-03 6.06E-03 5.83E+02 2.14E+02 0.191 2.722 
6.4a 1.14E-03 9.38E-03 3.88E+02 1.28E+02 0.121 3.029 
6.6a 1.25E-03 1.38E-02 4.84E+02 1.12E+02 0.090 4.308 
7.2a 1.57E-03 1.66E-02 1.91E+02 1.02E+02 0.095 1.878 
7.7aRE 2.48E-03 3.90E-02 4.05E+02 7.77E+01 0.064 5.22 
8.2a 1.48E-03 1.19E-02 5.60E+02 1.53E+02 0.125 3.657 
8.5a 1.54E-03 1.28E-02 5.04E+02 1.42E+02 0.121 3.545 
8.7a 1.16E-03 7.13E-03 5.55E+02 1.79E+02 0.162 3.102 
9.2a 1.26E-03 1.24E-02 5.12E+02 1.22E+02 0.102 4.197 
9.5a 1.32E-03 1.45E-02 4.07E+02 1.04E+02 0.092 3.915 
10.2a 1.35E-03 6.75E-03 7.17E+02 2.38E+02 0.201 3.013 
10.7a 7.87E-04 5.38E-03 6.35E+02 1.73E+02 0.146 3.671 
11.1b 1.62E-03 8.64E-03 6.81E+02 2.25E+02 0.187 3.032 
11.3 6.53E-04 2.76E-03 8.26E+02 2.98E+02 0.237 2.768 
12.2a 1.34E-03 1.25E-02 5.65E+02 1.37E+02 0.107 4.138 
12.4a 1.18E-03 6.43E-03 7.26E+02 2.21E+02 0.184 3.283 
13.4a 6.10E-04 2.78E-03 7.30E+02 2.08E+02 0.220 3.501 
13.7a 6.33E-04 2.88E-03 7.16E+02 2.13E+02 0.220 3.357 
14.2a 1.17E-03 6.31E-03 6.37E+02 1.92E+02 0.186 3.322 
14.6a 6.19E-04 2.95E-03 6.64E+02 1.84E+02 0.210 3.616 
15.2 2.00E-04 1.25E-03 5.81E+02 1.90E+02 0.160 3.066 
15.3 2.68E-04 1.52E-03 6.87E+02 2.18E+02 0.177 3.153 
16.1 2.08E-04 8.91E-04 7.37E+02 2.66E+02 0.234 2.769 
16.2 2.58E-04 1.93E-03 4.53E+02 1.42E+02 0.134 3.182 
17.1 4.73E-04 2.41E-03 6.45E+02 2.09E+02 0.196 3.081 
17.3 3.82E-04 3.57E-03 4.44E+02 1.24E+02 0.107 3.578 
 
Table 5 abbreviation descriptions 
“Specimen” column = specimen number for specimen analyzed from the 2012 field season 
“Mrs” column = remanence of magnetization, “Ms” column = saturation magnetization, 
“Hcr” column = coercivity of remanence, “Hc” column = magnetic coercivity 
Cape Mendocino
Salton Trough
Figure 1: Map of the San Andreas fault
Generalized map of the San Andreas fault system, modied from  USGS special 
publication “The San Andreas Fault”. Large historic earthquake slip zones are 
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Figure 2: Regional tectonics map
Geologic and tectonic map of the region surrounding the Mecca Hills, modied 
from McNabb (2013). Abbreviations: BF, Banning fault; BSZ, Brawley seismic zone; 
DH, Durmid Hill; EFZ, Extra fault zone; IH, Indio Hills; MCF, Mission Creek fault; MH, 
Mecca Hills; PMF, Pinto Mtn. fault; SAF, San Andreas fault; SGP, San Gorgonio Pass; 




































































































































Pc/K Precambrian xline and Cret. plutonic rocks
Late Cret. / Early Tertiary Orocopia Schist
Mid-Tertiary volcanic rocks
faulted mudstone, likely Pliocene Borrego Fm 
Plio-Pleistocene(?) Mecca Conglomerate
Lower Palm Spring Formation
Upper Palm Spring Fm (incl. 760-ka Bishop ash)



















Figure 3: Map of the Mecca Hills
Geologic map of the Mecca Hills, modied from McNabb (2013). The location of the 
section sampled in this thesis is shown as the pink line. The approximate location of 
the section sampled by Chang et al. (1987) is shown as the red line. The approxi-
mate locations of the Boley et al. (1994) sections are shown in yellow and labeled as 
follows: Palm Spring Thermal Canyon (B-PST),  Painted Canyon (B-PC), Sheep Hole 
(B-SH).
Chang et al. 
(1987)




















































































































































































Figure 4: Correlated magnetostratigraphy
Magnetostratigraphy for the sampled section, modied from McNabb (2013) and  


























Figure 5: Zijderveld and equal area demagnetization plots of specimen 2012-13.7a
NRM is natural remanent magnetization. Select AF demagnetization data points are 
labeled with the value of the alternating eld strength (mT). On the Zijderveld 
(1967) plots, blue labeled points are declination and red labeled points are inclina-
tion. On the equal area plot, blue closed data points are southern hemisphere 
projection and red open data points are upper hemisphere projection.  On the 
Zijderveld (1967) plot, a clear lineation towards the origin is seen in the demagneti-





























Figure 6: Zijderveld (1967) and equal area demagnetization plots of specimen 2012-11.2a. 
NRM is natural remanent magnetization. Select thermal demagnetization data points are 
labeled with the value of the applied temperature (C°). On the Zijderveld (1967) plots, blue 
labeled points are declination and red labeled points are inclination. On the equal area plot, 
























Figure 7: Zijderveld (1967) and equal area demagnetization plots of specimen 2012-10.7a.
NRM is natural remanent magnetization. Select AF demagnetization data points are 
labeled with the value of the alternating eld strength (mT). On the Zijderveld (1967) 
plots, blue labeled points are declination and red labeled points are inclination. On the 
equal area plot, blue closed data points are southern hemisphere projection and red open 
data points are upper hemisphere projection. On the equal area plot, a planar trend is 
shown that trends away from a normal direction and towards a reverse direction as 

























Figure 8: Zijderveld (1967) and equal area demagnetization plots of specimen 2013-3.1a.
NRM is natural remanent magnetization. Select thermal demagnetization data points are 
labeled with the value of the applied temperature (C°). On the Zijderveld (1967) plots, 
blue labeled points are declination and red labeled points are inclination. On the equal 
area plot, blue closed data points are southern hemisphere projection and red open data 
points are upper hemisphere projection. Two distinct linear componants are show in the 
Zijderveld (1967) plot; a low temperature componant between NRM and 253 C°  and a 




Figure 9: Direction comparison
Comparison of calculated mean normal and mean reverse directions in stratigraphic and 
geographic coordinates. The expected normal and reverse directions are given for refer-
ence, as well as the current eld direction for the eld area.
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Figure 8: Hysteresis loops
Hysteresis loops for 2 specimen showing skinny loops, characteristsic of psedudosingle 
domain grains. Red curves are raw hysteresis loops. Black curves are adjusted for diamag-
netic and paramagnetic mineralogy by making the slope of the curves 0 at 70% of the 
maximum applied eld. The entire black curves are also adjusted for vertical asymmetry 
of the curve. 
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Figure 9: Day et al. (1977) plot
Day (1977) plot with the curves of Dunlop (2002) showing plots of all specimen 
analyzed with magnetic hysteresis, isothermal remanent magnetization and back eld 
demagnetization. Red open circles are from reverse polarity sites. Blue closed circles are 
from normal polarity sites. Ms = the saturation magnetization, Mrs = remanence of 
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Figure 10: Isothermal remanence magnetization decomposition for specimen 2012-13.7a
Plots diplay linear remanence acquisition and the gradient of remanence acquisition. 
Squares are data points. There are two identied componants. The rst is a low coercivity 
(pink curve) dominant componant. The second is a high coercivity (green curve) second-
ary componant. The two componants sum to dene the red curve which approxiates the 
data points.
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